Staphylococcus aureus isolates (n ‫؍‬ 225) from bovine teat skin, human skin, milking equipment, and bovine milk were fingerprinted by pulsed-field gel electrophoresis (PFGE). Strains were compared to assess the role of skin and milking equipment as sources of S. aureus mastitis. PFGE of SmaI-digested genomic DNA identified 24 main types and 17 subtypes among isolates from 43 herds and discriminated between isolates from bovine teat skin and milk. Earlier, phage typing (L. K. Fox, M. Gershmann, D. D. Hancock, and C. T. Hutton, Cornell Vet. 81:183-193, 1991) had failed to discriminate between isolates from skin and milk. Skin isolates from humans belonged to the same pulsotypes as skin isolates from cows. Milking equipment harbored strains from skin as well as strains from milk. We conclude that S. aureus strains from skin and from milk can both be transmitted via the milking machine, but that skin strains are not an important source of intramammary S. aureus infections in dairy cows. A subset of 142 isolates was characterized by binary typing with DNA probes developed for typing of human S. aureus. Typeability and overall concordance with epidemiological data were lower for binary typing than for PFGE while discriminatory powers were similar. Within several PFGE types, binary typing discriminated between main types and subtypes and between isolates from different herds or sources. Thus, binary typing is not suitable as replacement for PFGE but may be useful in combination with PFGE to refine strain differentiation.
Staphylococcus aureus is an important cause of mastitis in dairy cows. Infected cows' udders are the main reservoir from which S. aureus is transmitted to other cows in the herd, and prevention of pathogen transmission from cow to cow reduces mastitis incidence (22) . However, when mastitis control measures are implemented, new infections continue to occur, and eradication of S. aureus intramammary infection is difficult to achieve. Infections that originate from sources outside of the mammary gland may contribute to the infection control problem (26) . Many sources of S. aureus exist, including housing materials and fodder, equipment and air, bovine skin, nonbovine animals, and humans (24) . Teat skin has been suggested as an important reservoir for intramammary infection (24) , while human-to-bovine transmission has also been proposed (5, 34) .
Because many strains of S. aureus exist, isolates must be typed to the subspecies level to pinpoint the sources and routes of spread of the pathogen in a population (33) . For decades, bacteriophage typing was the standard method for typing of S. aureus. Phage typing is still widely used today, despite a number of drawbacks (31, 37, 42) . Drawbacks include limited typeability of isolates, limited technical reproducibility of results, and variable expression of epidemiological determinants, resulting in limited biological reproducibility. Pulsed-field gel electrophoresis (PFGE) is a DNA-based typing technique that has higher typeability, within-laboratory reproducibility, and discriminatory power than phage typing (2, 31) . In the past decades, PFGE has replaced bacteriophage typing as the "gold standard" for typing of S. aureus (2, 4) .
Although well suited for outbreak analysis, PFGE lacks between-center reproducibility because results depend on experimental conditions and because interpretation of banding patterns is open to subjective differences (4, 38) . To overcome such differences, library typing systems have been developed in which any typing result has universal meaning (32) . Examples of library typing systems for S. aureus are binary typing (41) and multilocus sequence typing (6) . Binary typing does not require DNA sequencing equipment and is more likely than multilocus sequence typing to be available to peripheral microbiology laboratories (39) . Binary typing was developed for human S. aureus. In a pilot study, it appeared to be a promising tool for typing of bovine S. aureus (43) . Large-scale experiments, including comparison to epidemiological data and known typing methods (33) , will be necessary to determine the usefulness of binary typing for bovine S. aureus as a routine typing technique (35) .
The aim of the present study was to examine a collection of S. aureus isolates from bovine and human skin, milking machine unit liners, and bovine milk to assess the role of skin and the milking machine as reservoirs of mastitis pathogens. The collection had previously been characterized by means of phage typing (9) . It is anticipated that typing by means of the current gold standard, PFGE, will reveal more-detailed information and additional insight. Secondly, the usefulness of binary typing for large-scale studies of bovine S. aureus was evaluated, based on comparison with epidemiological data and results from PFGE.
MATERIALS AND METHODS
Bacterial isolates. S. aureus isolates had been collected by Fox and coworkers during a cross-sectional study of dairy herds in Washington State in 1987 (9) . For the present study, 225 viable S. aureus isolates with known phage type were available from 43 herds, including isolates from bovine teat skin (n ϭ 70), milkers' hands (n ϭ 4), milking machine unit liners (n ϭ 34), and bovine milk (n ϭ 117). Teat skin isolates and milk isolates had been obtained from a random selection of cows in each herd. All milkers' hands had been sampled before milking of the cows, and all milking equipment had been sampled after the herd had been milked (9) . Per herd, 1 to 20 isolates were available.
Phage typing. Data on isolate origin and phage typing results were provided by Fox and colleagues (9) . They used 18 phages and identified phage types by a six-digit code, where every digit represents the combined results for three phages. Per triplet of phages, eight permutations of susceptibility (ϩ) and resistance (Ϫ) exist, with the following digits representing the results indicated: 0 ϭ Ϫ, Ϫ, Ϫ; 1 ϭ ϩ, ϩ, ϩ; 2 ϭ ϩ, ϩ, Ϫ; 3 ϭ ϩ, Ϫ, ϩ; 4 ϭ Ϫ, ϩ, ϩ; 5 ϭ ϩ, Ϫ, Ϫ; 6 ϭ Ϫ, ϩ, Ϫ; 7 ϭ Ϫ, Ϫ, ϩ. Thus, phage types that differed by one digit could differ in susceptibility to one, two, or three phages.
PFGE. PFGE of SmaI-digested bacterial DNA of all isolates (n ϭ 225) was performed as described before (33) . DNA macrorestriction fragments were separated in a 1% SeaKem agarose gel (FMC, SanverTech, Heerhugowaard, The Netherlands) using a contour-clamped homogeneous electric field mapper (BioRad, Veenendaal, The Netherlands) (43) . A four-band difference between macrorestriction patterns was interpreted as a different pulsotype, with pulsotype being indicated by a capital letter. If isolates differed by up to three bands, they were classified as subtypes of a pulsotype, with subtypes being indicated by a numeral suffix (10, 36) .
Binary typing. Binary typing of a random sample of 142 isolates was performed with probes AW-1, 2, 3, 5, 6, 9, 11, 14, and 15 developed by Van Leeuwen et al. (41) , using the method described for typing of bovine S. aureus (43) . Binary typing of all isolates was not deemed necessary, because performance characteristics of typing techniques can be evaluated with sample collections of a hundred isolates or less (13, 27, 35) . Macrorestriction fragments obtained through PFGE were Southern blotted onto Hybond N ϩ membranes (Amersham Life Science, Little Chalfont, Buckinghamshire, United Kingdom) and hybridized with each probe using enhanced chemiluminescence direct labeling and detection, according to the manufacturer's recommendations (Amersham). Presence or absence of a hybridization signal was scored with a one or a zero, resulting in a nine-digit binary code for each isolate. Binary codes were converted into decimal numbers represented as binary types (41) .
Statistical analysis. For isolates from bovine teat skin and milk, the association between site of isolation (teat skin versus milk) and strain (specified type versus all other types) was examined. Statistical significance of associations was tested by chi-square analysis or two-sided Fisher's exact test, as appropriate (Statistix for Windows, version 1.0; Analytical Software Co., La Jolla, Calif.). Human skin isolates were excluded from the analysis because the number of isolates was too limited to warrant the use of statistical testing. Liner isolates were excluded from analysis because liners could be contaminated with S. aureus originating from teat skin or from milk. Analyses were performed across herds. Numbers of isolates from individual herds were too small to permit significance testing within herds. Statistical significance was declared for a P of Ͻ0.05. Fisher's exact test was also used to test the association between pulsotype and binary type for isolates with pulsotype A or A.1. For other main type-subtype combinations, significance testing was not meaningful due to small numbers or lack of association between specific types.
Typeability was calculated as defined by Struelens et al. (31) . To compare the discriminatory ability of techniques, Simpson's index of discrimination was calculated (13) , as well as the approximate 95% confidence interval around this index (11) . Nonoverlapping confidence intervals were considered indicative of statistically significant differences in discriminatory power (11) .
RESULTS
Phage typing. Of 225 PFGE-typed isolates, 208 were successfully typed by phage typing (Table 1) . Of 21 phage types that were identified, 12 phage types were represented by four or fewer isolates. For the remaining nine phage types, the distribution over isolates from teat skin, hands, liners, and milk was determined (Fig. 1a) . Phage type 0005000 was only isolated from milk, while types 000570 and 006570 were not isolated from milk at all. Phage type 060000 was significantly (but not exclusively) associated with isolation from teat skin (187 isolates included in statistical analysis; chi-square ϭ 23.1; 1 df; P Ͻ 0.0001), and phage types 006554 and 006504 were significantly (but not exclusively) associated with isolation from milk (chi-square ϭ 19.3, 1 df, and P Ͻ 0.0001 and chi-square ϭ 6.99, 1 df, and P Ͻ 0.01, respectively). The majority of phage types that where represented by more than one isolate were found in multiple herds (10 of 13 or 77%).
PFGE. PFGE identified 24 main types and 17 subtypes (Table 1). Representative examples of PFGE banding patterns are shown in the upper panel of Fig. 2 . Ten pulsotypes were represented by five or more isolates, and their distribution over teat skin, hands, liners, and milk is shown in Fig. 1b . Pulsotype D was only isolated from skin, while pulsotype W was only isolated from milk. Pulsotype A was significantly (but not exclusively) associated with isolation from teat skin (187 isolates included in analysis; chi-square ϭ 86.2; 1 df; P Ͻ 0.0001), while types G, H, and Q were significantly (but not exclusively) associated with isolation from milk (chi-square ϭ 26.7, 10.7, and 11.2, respectively; 1 df [for all three types]; P Ͻ 0.0001, P ϭ 0.001, and P Ͻ 0.001, respectively). When main types and subtypes were considered separately, associations for main type A, subtype A.1, main type G, main type H, and main type Q were significant at P Ͻ 0.0001, P Ͻ 0.0001, P Ͻ 0.0001, P Ͻ 0.05, and P ϭ 0.001, respectively. Within the subset of binary typed isolates (113 isolates included in statistical analysis), associations between site of isolation and types A, A.1, G, H, and Q were significant at P Ͻ 0.0001, P Ͻ 0.0001, P Ͻ 0.01, P Ͻ 0.01, and P Ͻ 0.001, respectively. The majority of pulsotypes that were represented by more than one isolate were found in b For PFGE with distinction of subtypes, the number of main types ϩ number of subtypes is given.
c Point estimate and 95% confidence interval (CI) with calculation as described by Grundmann et al. (11) based on data from typeable isolates.
FIG. 1. Distribution of phage types (a), PFGE types (b)
, and binary types (c) over sources of isolation. Only types that were represented by five or more S. aureus isolates are shown. Asterisks indicate significant differences between frequencies of isolation from teat skin and milk ‫,ء(‬ P Յ 0.01; ‫,ءء‬ P Յ 0.001; ‫,ءءء‬ P Յ 0.0001). When nothing is indicated, differences were not significant. NT, not typeable.
3896
ZADOKS ET AL. J. CLIN. MICROBIOL.
multiple herds (9 of 13 or 69% of main types and 15 of 21 or 71% when main types and subtypes were considered separately). Binary typing. Of 142 isolates that were binary typed, 138 were typeable while four isolates did not hybridize with any of the probes used. The proportion of isolates that hybridized ranged from 16.2% for probe AW-2 to 96.5% for probe AW-15, with a median of 92.3%. Representative examples of probe hybridization patterns are shown in the lower panel of Fig. 2 . Binary typing identified 20 binary types (Table 1) . Nine binary types were represented by five or more isolates, and their distribution over teat skin, hands, liners, and milk is shown in Fig. 1c . Binary type 9811 (code 010111111) was significantly associated with isolation from milk (113 isolates included in statistical analysis; chi-square ϭ 10.0; 1 df; P Ͻ 0.01). This binary type was found in one herd only. No other binary types were significantly associated with milk or teat skin as the site of isolation. The majority of binary types (12 of 15 or 80%) were found in multiple herds.
Comparison of phage typing, PFGE, and binary typing. Typeability and the discriminatory power of the techniques are summarized in Table 1 . For comparison, results are given for calculations based on the full sample collection and for calculations based on the binary-typed subset. PFGE typing results are displayed for the interpretation of subtypes as belonging to the same strain as their main type and for interpretation of subtypes are displayed as separate strains. PFGE with interpretation of subtypes and main types as separate types is significantly more discriminatory than phage typing or PFGE with differentiation of main types only. PFGE with differentiation of main types only is more discriminatory than phage typing, but the difference is not significant. The discriminatory power of phage typing may have been overestimated, because some phage types differed in susceptibility to one phage only, and this is not necessarily indicative of different strains (12, 31) . The discriminatory power of binary typing was similar to that of PFGE, but typeability was lower.
Several phage types and binary types were associated with multiple pulsotypes and vice versa ( Table 2) . For some types, close agreement between typing techniques was observed, e.g., for phage type 000574 and pulsotype E, phage type 000500 and pulsotype J, binary type 9811 and pulsotype Q, or binary type 30291 and pulsotype X. For other types, it was difficult to determine which combination of types should be considered on October 30, 2017 by guest http://jcm.asm.org/ concordant or discordant, e.g., for phage types 006504 or 006554 and pulsotypes G or H and for binary type 5715 and pulsotypes A, G, H, and I. To calculate concordance between techniques under a strict definition, the most frequent combination of a specified phage type or binary type with a specified pulsotype was considered concordant (such results are shown in boldface type in Table 2 ), while all other combinations were considered discordant. Based on this classification, concordance was 44% for phage typing and PFGE (100 of 225 isolates) and 38% for binary typing and PFGE (54 of 142 isolates). Under a lenient classification scheme (data italicized in Table 2 ), associations of a phage type or binary type with multiple pulsotypes and vice versa were considered to be in agreement for frequently occurring combinations. Under this lenient definition, concordance was 64% for phage typing and PFGE (133 of 225 isolates) and 63% for binary typing and PFGE (89 of 142 isolates). PFGE showed better agreement with epidemiological data than phage typing, as it divided the main phage type (060000) into multiple pulsotypes in accordance with site of isolation (pulsotype A predominantly from skin and liners and pulsotypes Q and W predominantly from milk [ Fig. 1; Table 2] ). Across herds, concordance between epidemiologic data and typing data was higher for PFGE than for binary typing, as significant associations between source and type were found for multiple pulsotypes but not binary types (Fig. 1) . Within several pulsotypes, binary typing differentiated between herds and sources of isolation (Table 3) Tables 3 and 4 , binary typing did not divide pulsotypes in agreement with epidemiological origin or subtype identity.
DISCUSSION
The first purpose of this study was to compare S. aureus isolates from skin and milk. PFGE differentiates between S. aureus strains that are predominantly isolated from healthy bovine teat skin and S. aureus strains that are predominantly isolated from milk. The association between site of isolation and strain is highly significant for the most frequently isolated pulsotypes and subtypes in this study. From these data, we conclude that teat skin is not an important reservoir for bovine intramammary infection. This is in contrast to conclusions from earlier studies that were based on phage typing of S. aureus (9) or quantitative analysis of bacteriological data (24) . A discrepancy between conclusions based on PFGE typing and phage typing is easily explained. PFGE typing was more discriminatory than phage typing, and the predominant phage type was divided into multiple distinct pulsotypes in accordance with epidemiological data. Typeability and discriminatory power of phage typing for our sample collection were similar to results reported for previous studies of bovine S. aureus (1) . PFGE is known to be more discriminatory than phage typing (10, 27, 37, 42) . This is one of the reasons why PFGE replaced phage typing as the gold standard for S. aureus typing (2). Our study confirms that the discriminatory power of phage typing may not be sufficient to detect statistical or biological associations between strains and their sources. The discrepancy between our results and the aforementioned quantitative analysis (24) may be due to epidemiological differences between the study populations and to differences in data interpretation. Our study deals with lactating cows, while Roberson et al. (24) studied nonlactating young stock. Roberson and his coworkers found heifers with S. aureus "on teats" (i.e., on teat skin, on the teat orifice, or in the teat canal) to be more likely to have S. aureus in milk samples at parturition than heifers without S. aureus on teats. The odds ratio was estimated at 3.34, and the statistical significance of this result was reported as P ϭ 0.07. Because the number of intramammary infections that was observed in their study was limited, an exact test was more appropriate than the chi-square analysis reported in the paper. Reanalysis of the data supplied in the original paper by means of logistic regression and an exact test (LogXact, version 1.2; Cytel Software Corporation, Cambridge, Mass.) resulted in an estimated odds ratio of 3.33 with a P value of 0.14. Thus, the results are suggestive of a role of teat skin as reservoir for intramammary infection in heifers but are not conclusive. In the quantitative analysis, bacteria were identified to the species level but not to the strain level. In another study, Roberson et al. (25) examined the role of teat skin as a source of S. aureus infections detected at calving using phage typing. Teat skin was a possible source of infection in one of eight heifers based on phage typing results, but genotypic methods were not used.
In our study, some overlap between strains from skin and milk was observed by phenotypic and genotypic methods. This could indicate that skin may incidentally be a source of intramammary infection, as suggested by the studies discussed above (24, 25) , that typing methods did not have sufficient discriminatory power to distinguish fully between skin and milk isolates, or that some samples from teat skin and milk were cross-contaminated. Care was taken to collect samples aseptically, but swabbing of the teat skin and teat orifice may result in contact of the swab with milk, especially if milk letdown occurs. Similarly, milk samples may get contaminated with bacteria from other sources. To avoid misclassification of contamination and infection, multiple milk samples are used to define infection status of the mammary gland in many studies (21) . In our study, single milk samples were used. Only four pulsotype A isolates were identified among S. aureus isolates from 1,703 milk samples that were originally collected (0.2%).
Even if type A isolates in milk originated from contamination of samples, this would indicate a very low level of cross-contamination. The discriminatory power of PFGE depends in part on the interpretation of typing results. Tenover and colleagues (36) formulated guidelines for interpretation of restriction patterns. Their categorization of isolates as "indistinguishable" (no band differences), "closely related" (one to three band differences), "possibly related" (four to six band differences), or "different" (more than six band differences) was developed to classify strains from disease outbreaks. It has been applied in many other settings, e.g., to study large collections of staphylococcal isolates from multiple hospitals (42) or isolates collected over long periods of time (10) . Often, the classification is simplified, and isolates that differ from a main type by one to three bands are classified as subtypes of the main type, while isolates with four or more band differences are considered different main types (10, 27) . In large-scale studies of dairy herds, moreextreme classifications have been used. On the one hand, "splitters" considered any band difference indicative of a strain difference, arguing that isolates were selected from multiple herds and not from a limited outbreak (14, 16) . On the other hand, "lumpers" have classified isolates as subtypes when they differed from the main type by six bands (3, 30) . In our study, subtypes were usually identified in herds where the main type was also present (14 of 17 subtypes). Hence, subtypes and main types could be epidemiologically related, which would justify Tables 3 and 4 . This would support interpretation of any band difference as indicative of a new type. The conclusion that skin isolates are different from milk isolates held true when PFGE subtypes were included with main types and when subtypes were treated as separate types. The majority of phage types, pulsotypes, and binary types were found in multiple herds. This is in contrast with results from Korea (14) and Denmark (18) , where the majority of types was unique to a herd, but in agreement with results from many other studies. Based on phage typing (18, 19) , ribotyping (18, 23) , multilocus enzyme electrophoresis (7, 15) , random amplified polymorphic DNA typing (7), PFGE (3, 30, 43) , coagulase gene typing (20) , and binary typing (43) , a number of strains and clones of S. aureus were found to be common to multiple herds, regions, countries, and continents. The predominance of a limited number of S. aureus strains may be the result of an increased resistance to the host immune response (20) . The differences between studies depend partly on data interpretation, as discussed, and partly on the choice of typing techniques. Techniques that target different characteristics of the bacteria may result in a different outcome (35) , partly because markers differ in molecular clock speed (29, 40) . As a result, S. aureus isolates that appear identical when typed by one method, and hence appear common to multiple herds, may be discriminated and found to be unique to a herd when typed by a different technique. The choice of technique or combination of techniques should depend on spatial and temporal aspects of the epidemiological question at hand and on availability of laboratory facilities and expertise (31, 37) . In the present study, PFGE was a satisfactory technique to demonstrate nonidentity of isolates from milk and other sources.
The number of human skin isolates in our study was limited. Isolates were obtained through swabbing of milkers' hands before milking of the herd and are therefore unlikely to be the result of hand contamination during milking. Pulsotypes of human skin isolates were akin to pulsotypes of bovine skin isolates and differed from bovine milk isolates. Phage typing and binary typing failed to discriminate between human skin isolates and isolates from other sources. In most comparative studies of human and bovine S. aureus isolates, the focus is on host specificity. Studies based on phage typing or ribotyping found S. aureus strains from human skin to be similar to those from bovine milk or skin (18, 34) , but enterotoxin typing and binary typing revealed differences between human S. aureus isolates and bovine mammary isolates in situations where there was no epidemiological association between study objects (17, 43) . Results of multilocus enzyme electrophoresis typing of bovine and human S. aureus isolates were originally interpreted as "consistent with the concept of host specialization" (15) and subsequently were interpreted as "indicating that many bovine isolates are more closely allied to human isolates than to other bovine isolates" (8) . Our present data, though scarce, suggest that in addition to host specificity there may be organ specificity and that this organ specificity may run across lines of host specificity. Adaptation of pathogenic clones to specialized niches, e.g., the mammary gland, has also been proposed based on DNA microarray analysis of two bovine and two ovine S. aureus isolates (8) .
Machine milking unit liners are important fomites for transmission of S. aureus in dairy herds, and the use of liner backflush reduces contamination with bacteria (9). Our PFGE analysis revealed that liners could be contaminated with S. aureus from teat skin and with S. aureus from milk. This implies that liners are fomites for skin flora and for intramammary infections. Although liners can be contaminated with skin and udder flora, transmission from skin flora to the mammary gland and vice versa seems rare, as indicated by the site-specific pulsotypes obtained in this study. This would be in line with the proposed hypothetical concept of organ specificity of S. aureus strains.
The second purpose of the present study was to determine whether binary typing was suited for large-scale molecular epidemiological studies of bovine S. aureus. Binary typing yielded higher typeability than phage typing but lower typeability than PFGE. The combination of PFGE with Southern blotting and subsequent binary typing that was used in this study had technical drawbacks. In this procedure, DNA concentrations could not be standardized. As a result, several isolates gave weak hybridization signals, making interpretation difficult and defeating one of the main purposes of a library typing technique, i.e., unequivocal interpretation of typing results. In addition, DNA fragments smaller than 25 kb may have been lost during electrophoresis, which could account for nontypeability of isolates. Most probe binding occurred to large macrorestriction fragments, but hybridization to smaller fragments was observed (example: strain V in the lower panel of Fig. 2 ). Alternatively, nontypeability may be the result of the failure of bovine strains to bind probes that were developed for typing of human S. aureus, because bovine and human strains largely belong to different S. aureus lineages.
The discriminatory power of binary typing was comparable to that of PFGE typing, in agreement with results from studies on binary typing of human S. aureus (41) . Use of additional probes could further improve the discriminatory power of binary typing (41) , and development of host-specific probes could contribute to improved typeability. Overall concordance with epidemiological data was poorer for binary typing than for PFGE. Concordance with epidemiological data was assessed semiquantitatively, because the quantitative analysis proposed by Struelens et al. (31) depends on knowledge of outbreakrelated strains. There was no single defined outbreak in our study, and any modification of Struelens's calculation method would amount to a semiquantitative analysis similar to the results from our statistical analysis. Within several pulsotypes, binary typing identified multiple strains, and this subdivision was partly in agreement with epidemiological data such as herd of origin or site of isolation. The combined use of multiple methods is known to be more discriminatory than the use of PFGE alone (28) , and it can be anticipated that other techniques will supplement or even replace PFGE as the gold standard for typing of S. aureus (6, 28, 29, 39) . Ideally, library typing methods with high discriminatory power and ease of use for peripheral laboratories would be available. Depending on improved typeability and concordance with epidemiological data, binary typing of bovine S. aureus might be developed into such a method.
To summarize, PFGE showed that S. aureus isolates from bovine teat skin were different from isolates from bovine milk and similar to a small number of isolates from human skin. Milking machine unit liners may transmit strains from skin and milk. PFGE had better typeability and concordance with site of isolation than phage typing or binary typing, and higher discriminatory power than phage typing. The discriminatory power of binary typing is similar to that of PFGE. Based on typeability and concordance with epidemiological data, binary typing is not suited yet to be used as a stand-alone technique for large-scale molecular studies of bovine S. aureus, but it is a useful addition to PFGE for refinement of strain identification.
